We have used the force exerted on a neutral atom by an optical standing wave to focus a neutral atomic beam into a grating structure that is deposited on a substrate. We have made gratings with pitch of 294 nm, linewidths of ␦ϭ40-45 nm and contrast Ͼ10:1, over an area of 7.6 mm 2 . We discuss the conditions needed to make the narrowest structures, and how these conditions affect the performance of this technique as a lithography tool. We also show depositions that have lower resolution, ␦Ϸ80 nm, but could cover an area greater than 3ϫ10 4 mm 2 . © 1996 American Institute of Physics. ͓S0003-6951͑96͒02908-5͔
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Light can exert a force on an atom. This force has been used to deflect, slow or cool, and even trap atoms. 1 It can also be used for a fundamentally new type of lithography. Several groups have produced nanometer scale, metal features directly on a substrate by using light to focus the atoms in a neutral atomic beam. 2, 3 While the desirability of a patterning method that produces nanometer-scale features appears crucial for future, high performance devices, and materials engineering, there are other critical aspects of lithographic tools performance that must be considered for a system to be viable. In particular, high contrast is necessary in any patterning method to clearly differentiate between an intended feature and the surrounding, unpatterned regions. Concurrently, a lithography tool must pattern large areas quickly to be economically competitive.
In this letter, we demonstrate a method of producing structures using light to focus a neutral atomic beam, and examine its performance in these three critical areas. We will show that this lithographic technique can produce spatially coherent ͑Ͻ0.5 nm͒, nanometer-scale structures ͑40 nm͒, quickly ͑60 s͒, over relatively large areas (Ͼ7 mm 2 ), with good contrast ͑10:1͒. In our experiment, we have used a thermal atomic beam without resist, so the possibility of crystal damage and contamination found in other high resolution patterning methods is diminished. Additionally, the patterning is performed in ultrahigh vacuum ͑UHV͒, so it is compatible with molecular beam epitaxy ͑MBE͒ and in situ processing. 4 Finally, since this technique uses forces coupled to an atomic resonance, it offers the unique opportunity to control the position of specific elements during epitaxial growth.
We have used an optical standing wave ͑SW͒ as an array of cylindrical atom lenses to focus a thermal sodium beam into a grating structure that is deposited on a silicon substrate. The period of the grating ͑294 nm͒ is determined by the sodium D 2 atomic resonance ͑ϭ589 nm͒. We have examined these structures in a UHV scanning tunneling microscope ͑STM͒, and characterized the linewidth and contrast of the gratings. We have used two different regimes of focusing in this experiment: the first allows us to produce features as narrow as 40 nm with contrast Ϸ10:1. By optimizing the conditions in the atom lens and the atomic source, simulations show that this focusing could produce features Ͻ10 nm 5 over small areas (Ͻ0.03 mm 2 ). Using the second focusing regime, we have made structures with lower resolution ͑80 nm͒, but the patterned area could be as large as 3 ϫ10 4 mm 2 . Figure 1 shows a diagram of the deposition system. At a vacuum of Ͻ1ϫ10 Ϫ9 Torr, a thermal atomic beam ͑Ϸ420°C͒ with an estimated rms longitudinal velocity V ϭ860 m/s and divergence ⌰Ϸ3 mrad is directed at the substrate. The atomic beam passes through two counterpropagating light beams that emanate from a frequency stabilized Coherent 899 dye laser tuned near the transition between the Fϭ2 -3 sublevels of the 3 3 S 1/2 to 3 2 P 3/2 transition in sodium. The first light beam the atoms traverse is formed by retroreflecting a circularly polarized 5 mm radius beam off a mirror mounted on the sample holder. This beam is tuned 5 MHz below the Fϭ2 ground state to Fϭ3 excited state transition and is used for Doppler molasses 11 to reduce the angular divergence to ⌰Ϸ0.5 mrad. Another component of this beam, of much weaker intensity, is detuned by ϩ1.7 GHz to be resonant with the Fϭ1 to FЈϭ2 transition. This component is used for optical state preparation; optically pumping any atoms in the Fϭ1 ground state to the Fϭ2 ground state. We have found that this state preparation is necessary for high contrast in the patterned structures because atoms in the Fϭ1 ground state are not effectively focused by the SW.
The second light beam is the SW used for atom focusing. This circularly polarized Gaussian beam has been shifted by a frequency ⌬ from the Fϭ2 to FЈϭ3 transition. The intensity and detuning of this beam are adjusted to control the shape of the optical potential used for focusing. Similar to the molasses beam, optical pumping is suppressed by a weak copropagating beam resonant with the Fϭ1 to FЈϭ2 transition. With the sample placed along the center line of this focused Gaussian beam, the 1/e 2 waist radius defines the interaction L i of the light and the atoms. The light lens used to form this beam has its focus at the same mirror that forms the molasses beam; by changing the focal length of this optical lens, L i can be changed. Not only is L i determined by this focusing lens, but so is L P , the length of the patterned area. L P is given by the confocal parameter L P ϭ2L i 2 /, and grows quadradically with the optical waist. Figure 2 shows an STM image of an as-deposited Na film typical of the 0.2ϫ5 mm area. The grating has a pitch of 294 nm, and was deposited in 1 min. The lines are 40-45 nm wide, and consist of grains 10-20 nm in diameter. The roughness along the edge of the lines are indicative of the grain size of the sodium, not irregularities in the SW. The areas between the lines show only a few isolated Na grains, indicative of the high contrast. The SW beam has ⌬ϭϩ1.7 GHz, L i ϭ60 m, with an integrated power of 12 mW. The bottom of Fig. 2 is an averaged profile that shows the linewidth and average peak-to-valley height derived from the image in Fig. 2 . This profile is calculated by averaging in the ŷ direction over all the line scans that comprise the image in Fig. 2 , and subtracting the background found on a clean Si surface. Using this averaging method, we estimate the contrast in this deposition to be approximately 10:1. We use this averaging method because the granular nature of the sodium films does not allow us to estimate the contrast directly for the STM data.
The force used to focus the atoms is proportional to the gradient in the optical intensity. 6, 7 We can approximate the optical potential that produces this force by a series of parabolic potentials, spaced every /2. Atoms in this potential execute simple harmonic motion with a period T which is proportional to 1/ͱI/⌬, where the intensity Iϭ(8P/L i 2 ), and P is the integrated power in the input beam. To focus a perfectly collimated, monochromatic atomic beam in this simple picture, we should make L i ϭV T/4 by adjusting L i , ⌬, and P, so all the atoms are at the potential minima when they deposit on the substrate, making a series of extremely narrow lines. The longitudinal and transverse velocity spread of an actual atomic beam, along with anharmonic terms in the actual standing wave potential, however, broaden the deposited lines. 5 We have characterized our system over a wide range of intensities, detunings, and interaction lengths, and these results will be presented elsewhere. 8 Theoretically, for a given ⌬ there is a unique power in the SW beam that optimally focuses V , for any L i , and this power varies as V 2 ⌬. 9 We have found experimentally, however, that the power can be varied by more than a factor of 4, with little change in the focusing. This is illustrated in Fig. 3 , where the power used for focusing in the upper image was a factor of 2 below the experimental optimum value, while the lower image used a power that was a factor of 4 below the optimum. There is not an appreciable change in linewidth under these conditions; however, the contrast is reduced. According to the simple harmonic oscillator ansatz, the longitudinal velocity that is optimally focused is doubled between the lower image in Figs. 3 and 2 . We believe that the velocity spread in the thermal beam at 720 K guarantees that some velocity group with appreciable flux meets the T/4 condition for this range of power.
McClelland has proposed that the resolution of an atom lens can be approximated using simple geometric optics 9 as ␦ϭ f ⌰, where ␦ is the focused linewidth, ⌰ is the source divergence, and f is the focal length of the atom lens, where f ϭL i . We have verified this experimentally: the smallest linewidths are attained with reduced L i for a given ⌰. While reducing L i improves the linewidth, it concurrently reduces L P as L i 2 , and so the patterned area is reduced. Under the conditions used in the deposition in Fig. 2 , L P was 38 mm, and the width of the focused region was 0.2 mm; this gives a maximum deposited area of Ϸ7.6 mm 2 . Cylindrical lenses, provided they have comparable surface figure to the spherical lenses used here ͑/20͒, can be used to expand the width of the SW without increasing L i . However, available power from the laser will limit the expansion of the light bean for the constant intensity in the SW.
To achieve the highest contrast, we have found that ⌬ must be large, because ͑1͒ the potential looks more harmonic over a broader spatial range, reducing the spherical aberrations in the atom lens, and ͑2͒ the effect of spontaneous emission is reduced. Extremely large detunings may also prove useful because the SW frequency can be effectively decoupled from the atomic resonance. This would allow the gratings pitch to be set by the lithographic requirement, instead of the atomic transition being driven. At large ⌬, however, available laser power and the damage threshold of the optics will constrain the detuning that can be used for focusing.
Ideally, the focusing condition at T/4 will also occur at (2nϩ1)T/4, where n is an integer. In practice, however, atom lens aberrations and the divergence of the atomic beam will have a more pronounced effect when the atoms are allowed to oscillate for many periods in the potential well. 5 Figure 4 is an STM micrograph and averaged profile of another grating, produced using ⌬ϭϩ100 MHz, at a power of 125 mW, with L i of 1 mm. The widths of these lines are about 80 nm. For the detuning and intensity used in this deposition, L i /V corresponds to an interaction time of Ϸ10 T. As Breggren suggests, 15 damping in the ϩ100 MHz detuned SW, may be reducing the effect of aberrations.
Although the attainable linewidths using small ⌬ and long interaction times are not as narrow as those that can be achieved with large ⌬ and short interaction times, there are some advantages to using these conditions to focus atoms. With L i Ϸ1 mm, L P Ϸ1ϫ10 4 mm. So, the area that could be patterned by this deposition is greater than 3ϫ10 4 mm 2 . If we estimate the L i necessary to produce 80 nm lines with large detuning in the T/4 picture, L i Ϸ100 m and L P Ϸ110 mm. This would give a maximum deposited area of 21 mm 2 . Many grating based structures, such as distributed feedback lasers, do not require the narrowest possible linewidths, so depositions using small ⌬ and large L i could be used to make these structures quickly over large areas, under conditions that are compatible with MBE.
Finally, the ultimate linewidth associated with this lithography tool can be estimated from the source divergence ⌰, the maximum power available in the laser system, and the damage threshold for the optics in the SW. The power and damage limits set the maximum ⌬, and minimum L i that can be used. ⌰, the source divergence, is set by the oven design and optical cooling method used. Using polarization gradient cooling, 10 or a supersonic atomic beam 11 the source divergence could be reduced below what we can presently achieve with Doppler cooling, allowing the deposition of the smallest structures. For example, using polarization gradient cooling of our source, ⌰ can be reduced to Ϸ0.1 mrad. With L i L i ϭ10 m, simulations using a realistic potential with this source divergence and longitudinal velocity spread show that the deposited linewidths can be only Ͼ10 nm, over an area of 0.03 mm 2 .
